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Abstract

Noise temperature measurements of an 8440 M1z ultra-low noise
mascr amplificr (UINA) have been performed at sub-atmospheric,
liguid helium temperatures. The traveling wave mascer operated
while immersed in a liquid helium bath., ‘The Towest input noise
temperature measured was 1.23 o 0.16 K at a physical temperature
of 1.60 kelvin, At this physical temperature the observed gain per
unit Iength of ruby was 4.6 dB/cm, and the amplifier had a 3 dB
bandwidth of 76 Mllz,

Introduction

NASA's Deep Space Network (DSN) uses low-noise ruby maser
amplificers for deep space telecommunications, and Lo support radio
and radar astronomy. Many dceep space mission communication links
would not be possible without the low noise temperature
performance that masers provide,

The required 4.5 kelvin physical temperature of the maser is
provided by a three-stage closed cycle refrigerator. These maser-
CCR packages are normally mounted at the vertex of large, tippable,
parabolic antennas. Under normal operating conditions an X-band
mascr systenm typically provides 45 dB of net gain (1.4 dB/cm), over
100 MHz of instantancous bandwidth, and a typical input noisc
temperature of 3.5 K| referenced to the room temperature flange.

Further cooling of a maser amplificr results in significant noise
temperature and gain improvements. At X-band the input noise
temperature is approximately proportional to the physical
lemperature, while the electronic gain in decibels (excluding circuit
losses) is approximately proportional to the inverse physical
temperature (both to first order). Thus, innmersing a mascr amplifier
in a bath of superfluid helium (sub 2.17 kelvin) will result in an




increase of three times the gain in dB and a decrease in the noise
temperature by one-third (e.g., from 3.5 K to 1.7 K at 8400 Mllz).

Several 34-m beam waveguide (BWG) antennas arce being
implemented in the DSN that will provide, in contrast to present DSN
antennas, a relatively large nontipping location for the maser and
feed components. For these antennas, the use of a superfluid helium
cryostat becomes very practical as a means to cool a maser (and its
feed components) 1o achieve a very Jow system noise temperature
while simultancously increasing the maser gain.

In order to provide the lowest front-end system noise temperature
for its deep space teleccommunication downlink; the Jet Propulsion
lLaboratory (JP1) has developed and demonstrated a superfluid
helium cooled maser amplifier for the DSN. This paper describes
laboratory noisc temperature and gain measurements made on an
UINA mascr centered at 8440 Mlilz in sub-atmospheric liquid
helium. A brief discussion on the limits of the X-band UILNA
technology is also presented.

Theory

The noise power of a maser amplifier at a given physical
temperature is discussed by Sicgman [1]. An extension of this
discussion by Shell, et al., in [?2] yields the following equation for the
theoretical noise temperature of a maser amplificr:
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where G- et electronic gain ratio, unitless
h : Planck constant : 6.6267x 10" {".] s
! = opceratingfrequency, 117
k . Boltzmann constant: 1. 3806x1( '} /K
GYPY s clectronic gain, dB
r : inverted spin population ratio, unitless
15 s forward insertion loss, dB

T, = mascr physical temperature, kelvin,




Using cqn. (1) the expected noise temperature of a maser at the
cryogenic input can be calculated . Assuming an clectronic gain of 39
dB, a net gain of 34 dB, a forward insertion loss of 5.0 dB, an inverted
spin population ratio of 7.8, and a mascer amplifier physical
temperature of 1.6 kelvin, the expected noise temperature is 1.02 K.

The mast]’ noisctemperature in egn. (1) is comprised of” two primary
noise mechanisms.  The 1 sterm is related to the spontancous
(’mission of photons by the ruby spins while the second is ducto
conductor losses in the microwave circuitry, U IS interesting 1o note
that as the maser physical temperature (andruby spin temperature)
approach7.02(, the gain and inverted spin population ratio terms
cachapproachonce whilethe conductor 10SS termgoces to 7.017(). ‘] hus
' 1. (1) takes the limiting form of” the equivalent guantum noise
temperature as discussed by Oliver in| 3]
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At 8400 MHz thequantum noise temperaturce limit is 0.40 K. Thus

quantum noisc accounts for almost half of thetotal noise associated
with this mascer amplificr,

Mascr gain expressions are also given in [1]. Considering only first-
order temperature-dependent terms, the gain in dB is
SN
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Where S is the slowing factor, N is the circuit length in free space,
and Q,, is the magnetic Q. The Q,, term is directly proportional 1o
temperature. Thus the gain of a maser amplifier is inversely
proportional to temperature. Assuming the gain of a maser amplifier
alt a physical temperature of 4.7 Kkelvin is 10 dB, the expected gain of
this amplificr once its temperature has been lowered (o 1.6 kelvin is
25 dB.

System Desceription
A diagram of the noise/{:ai]] mcasurcmentsctup with the maser

amplificr in place is shown in Yig. 1. The maser is contained in a
liquid-helium-filled dewar wi th the maser immersed In superfluid




liquid helium. The input and output waveguides are cooled by the
discharging helium vapors. The upper half of the maser input and
oulput waveguides are made of thin-walled stainless steel (o
minimize heat lcak into the helium bath. These stainless stecel
waveguide sections are copper plated to a minimum thickness of
three skin depths (o maintain a low radio frequency (Rl loss. The
lower half of these waveguide sections are made of copper.

The most ecconomical and expedient means of providing a mascer
amplifier for this system demonstration was to use an available
Block 1I-A maser structure |4]. This structure was modified for
stable opceration at 1.5 kelvin, The principal modification was to
increase the reverse Joss provided by the resonant YIG isolator from
37.5 to 74 dB. Jurther details with respect to the existing X-band
UINA structure and its modifications can be found in [5].

The bath temperature is reduced below <12 kelvin by reducing the
vapor pressure above the helium bath in the dewar. Vapor pressure
control is provided by two pumping ports at the top of the dewar
connected o two helium-tight, single-stage lLeybold-1lercaus SG5B
TRIVAC vacuum pumps. A combined pumping speed of 2,600 1.PM
(92 CIM) evacuates the dewar to a pressure of 800 Pa. Once a stable
operating  temperature (vacuum pressure) is maintained, as
measured on high precision carbon glass resistors, noise and gain
measurcements can be performed.

Mascr gain bandpass measurements were made as the helium bath
was slowly cooled from 2.20 to 1.60 kelvin., Noise temperature
measurements were made over a band of frequencices at a varicety of
temperatures by cooling the cryostat to its lowest temperature and
then allowing the cryostat to slowly warm.

The maser noise temperature and gain were measured using the Y-
factor technique [6,7]. A cooled attenuator (20 dB) in front of the
mascr was usced as the cold load (7,,,,), while the hot load (71,,,
referred to the maser input) was a noise diode with an ENR valuce of
13 dB [8]. The attenuator is super-cooled in the helium bath while
the noise diode is outside the dewar.  This technique has the
advantage of reducing the value of 7', and T, yel maintaining a
large Y-factor. An added benefit is the good input match that the
pad presents (o the noise source and the maser. The maser under
test did not have enough gain {for the receiver. So, a follow up



amplifier was conmected at the output of the system (o increase the
gain. The follow up amplifier was chosen such that the power meter
could read the low noise powers of 1., and still have cnough
dynamic range so as not to overload when reading 71,

The eguation that defines the  noise temperature of the entire
system, referenced to the input flange of the cryostat, is given by
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(Egn. (3) is derived in appendix 1.)  The Jast term in eqn. (3) is
negligible compared with the preceding terms so o {first order it may
be excluded. Our interest is in determining the noise temperature of
the maser at the input flange, 7., therefore solving eqn. (3) for 7.,
yields
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1., is a measurable quantity, so to determine 7,; ¢, the thermal noisce
contribution duc to the input line, 1, the line loss, I, the cryogenic
20 dB attenuator Joss, and 7', the physical temperature of the pad,
must all be accurately measured. These quantities are obtained by
performing three separate measurements of the noise and loss (gain)
contributions at the same physical operating temperatures.

Mceasurement Results

The {irst measurement determined the RY loss (Z1) and noise
temperature contribution (Z¢) of the input and output waveguide
lines. The first measurement setup consisted of a through coaxial
linc between the input and output waveguide lines. At a constant
physical temperature of 1.60 kelvin noise and loss measurements
were performed. At 8400 Mllz, the noise temperature contribution
of the input line (¢) and the input line loss (1) were 29,726 1 1,727 K
and -0.89 #4 0.07 dB, respectively.,

A 20 dB attenuator was installed between the input and output
waveguide lines for the second measurement. A precision carbon



glass (110" -mon C{(’1” was at tached to the attenuator Lo accurately
monitor its tlemperature. This measurementde termined the pad loss
(1) ataknowntemperature (1;,). At1.60 4 ().()S kelvin and 8400
Milz, the attenuator Joss measured 70.09”:1 0.03 dB.

The maser was installed behind the 20 dB attenvator for the third
measurement. Mcasured values of T, and the associated gain, G,
were 387 K and 41.8 dB, respectively. Substituting data from the
previous measurements and the value of 7, from this third
procedure into eqn. (<1) the maser input noise temperature, 7, cquals
1.23 + 0.16 K. Differentiating eqn. (1) yields the error in®,,
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The most significant source of error in these measurements came
from the attenuator physical temperature component. Thus, the
better the bath temperature is known the more accurate the noise
tempcerature measurement is,

In cach of these measurements the temperature of the liguid helium
bath was lowered below the normal boiling point (4.2 K) by pumping
on the bath to reduce the vapor pressure of the liquid helium, In
cach casce the'minimum bath temperature achieved was 1.60 kelvin.
The physical temperature was measured with a carbon glass
thermometer and verified with a vacuum pressure gauge.  ‘The
Jowest temperature achieved was limited by the helium boil-of rate
and the pumping speed of the vacuum pumps.

Noise temperature and gain per unit length results are presented for
a range of frequencies between 8350 and 8500 Mllz and for a range
of superfluid temperatures. Maser noise temperature and gain per
unit Iength results at 8400 M1z are plotted as a function of physical
temperature in Figures 7 and 3 respectively.

Maser gain was measured at several different temperatures as the
bath temperature was cooling to 1.6 kelvin, A 7-dB increasce in
maser gain was measured (from 728 dB 1o 35 dB at 8400 Mllz) upon
cooling from 2.7 10 2.17 kelvin., This result, shown graphically in
Figure 4, is due (o the onsct of supcerfluidity at 2.17 kelvin, which,
with its very high cffective thermal conductivity, ensures that the
mascr ruby temperature is equal to the bath temperature. This



cffect is due 1o a change of the dominant mechanism of heat transfer
out of the ruby lattice, from conductive to convective cooling. These
test results suggest that above 2.17 kelvin the ruby operates at a
temperature about 0.5 kelvin higher than that of the bath
temperature. At the lowest temperature, 1.6 kelvin, the maser
cexhibited a net gain of 43 dB, with a bandwidth of 76 Mllz centered
at 8400 Mllz, as shown in Fig. 5.

Conclusion

The noise performance of an 8400 Mz maser amplifier has been
measured in normal and superfluid liquid helium. ‘The measured
results agree with theory within the root mean square crror. A
value of 1.723 1 0.16 K was mcasurcd while the predicted value is
1.04 K.

The telemetry neceds of the DSN for outer planet missions, as well as
Mars surface exploration, can only be met with the Jowest noisce
amplificrs. This maser technology used in conjunction with beam
waveguide antennas will assist the DSN in meceting its customers
needs into the next century.

Prologuc

‘This X-band mascr amplificr has recently been used at Deep Space
Station-13, a Beam Wave Guide Antenna, in Goldstone, California.
This maser was a key clement in receiving a radar signal bounced off
the 4179 Toutatis asteroid [9]. Because of this masers outstanding
performance, astronomers at JP1 have obtained the sharpest images
yet of an Farth-approaching asteroid.
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list of Tables and Figures.

Table 1. Noise temperaturcercesults for a range of frequencices
between 8350 and 8500 MI 1z and arange of’ temperatures between
1.6 and 4.2 kelvin.

Figures.

1. Diagram of the noise/gain mceasurement set up with the maser
amplificr installed.

2. Noisc temperature versus physical temperature graph at 8440
MIilz.

3. Mascer gain per unit Iength ruby versus physical temperature
graph at 8440 MHz.

4. Increase in maser gain over a range of frequencies as a function
of physical temperature near the Jambda point. This suggests that
above 72.17 kelvin the ruby operates at a temperature about 0.5
kelvin above the bath temperature.

5. Mascr gain bandpass curve with the physical temperature at 1.60
kelvin, The maser exhibits a net gain of 43 dB, with a bandwidth of
76 Mz centered at 8400 Milz.



G. Glass 1 maser.cale
5/6/93 12:28 PM

JAaser Noise 1 emperaj sre Results, K
Freq, MHz | 8350 837518400 | 8425 845¢C
Phys Temp, K
1.600 1.27| 1.27] 1.22| 1.50] 1.93
1.-/00| 1.30| 1.42] 1.43| 1.56| 2.06
1.800| 1.42| 1.61| 1.61| 1.81| 2.30
1.900| 1.54| 1.72| 1.76| 2.06| 2.54
2.000] 1.81| 1.96] 1.99| 2.35H| 2.84
2.101| 2.08| 2.18] 2.2b| 2.63| 3.04

G. Glass Tmaser.calc
5/6/93 12:29 PM

Viaser Gain per Unit 1 ength Results, dB/em |

freq, Mtz | 8350| 8375|8400/ 8425| 8450
Phys:‘1emp,K
1.600| 4.67| 4.86| 4.92 5.18| 4.43
1.700| 4.24| 4.32| 4.28| 4.16| 3.58
1.800| 3.97| 4.05| 3.99 3.90| 3.36
1.900| 3.72| 3.79| 3.72| 3.65 3.14
2.000| 3.45| 3.53| 3.49 3.44| 2.95
2.101 | 3.2 3.31 3.29 3.22| 2.77

N
w

w e
= o

w

~

NN A
BN
© oo

© = N
SN

B =\
0

8500

3.62

11.00
13.61
16.83
| 19.17
4.09] 18.79

8500

2.45
1.06
0.96
0.83
0.-13
0.64




JPL AUTOMATIC
NOISE/G AIN
MEASUREMENY -
NOISI

SYSIEM =y
SOURCE POST-AMP

, HADIAT ION
A SHIEL DS

CuPlATLD
7 S5 WAVE GUIDI

o yd
@ A4
WAVE GUIDE
10 COAX
TRANSITION
AN B I B . I 164K

HQUID He

- p
Mot
\\‘
20 dB PAD -] \‘\AMPHHLH

UNDE R TEST (MASE f)

NOISE Mt ASUREME N1
LHe GRYOSTAT

Figure 1.
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